A generalized hierarchical approach with a water balance function is introduced to simulate streamflow depletion in a complex groundwater system in Osceola County. The groundwater flow system at the site, because of the complex interaction between ambient streams, exhibits a unique multi-scale pattern that proves to be difficult to simulate using standard modelling tools. The hierarchical modelling system was first calibrated to water level measurements collected from monitoring wells.
INTRODUCTION
Interaction of surface water and groundwater, as well as its impact on water resources planning and management, is an important and difficult issue to deal with. Groundwater and surface water have often been studied separately, as they ). These physical interaction processes also transport contaminants and thus integrate the biogeochemical interchanges between surface water and groundwater components (Szczucińska 2014) . Therefore, water balance modelling needs to include both the contributions from groundwater resources and free surface water resources in a watershed. The basic problem of water balance scales, while the flow interaction between surface water and groundwater is typically in local scales. Several methods can, in principle, be used to model the multi-scale groundwater and surface flow system. For local grid refinement relatively large size cells in a numerical model grid are subdivided or refined with progressively smaller spatial dimensions in the areas of interest (Gable et al. ) . An alternative approach to represent detailed well dynamics in a regional model is to use a local analytical correction within the cell containing the well based on the steadystate Thiem equation (Anderson & Woessner ) . In the approach of local nested numerical correction, griddependent information from the regional model is used to construct a separate model with finer grid spacing to obtain more information around the area of interest (Mehl & Hill ) . The coupled GFLOW-MODFLOW model replaces the upper MODFLOW layer or layers, in which the surface water and groundwater interactions occur, by an analytic element model (GMODFLOW) that does not employ a model grid; instead, it represents wells and surface water directly by the use of point-sinks and line-sinks. Thus it is applicable to relatively large areas, in many cases to the entire model domain, and thus forms an attractive alternative to local grid refinement or inset models (Haitjema et al. ) . DIVAST, a two-dimensional hydrodynamic and water quality numerical model, was extended to model three-dimensional (3D) groundwater, which integrated the various flow interactions with one model by switching between the shallow water equations and the porous media equations (Sparks et al. ) . A coupled groundwater and surface flow model was developed for predicting shallow water flows with particular emphasis on its ability to deal with moving boundary problem. A hydrostatic pressure distribution is assumed to enable the water surface gradient to be used as the driving force for the groundwater The groundwater flow in an area is usually in multi-scale and is characterized by complex interplay of significant variability across disparate length scales. These include variations at 'well scale', 'site scale' and 'regional scale'. For large-scale, regional groundwater models with local grid refinement results in a more accurate estimation of hydraulic head or drawdown at the well scale. However, there may be a significant increase in the number of nodes, and the solving process can become very expensive in terms of time and computer resources required. For groundwater models of site scale and well scale, large amounts of detailed field data are needed for determining boundary condition, which are both time-consuming and expensive to obtain. The hierarchical method dispatches the problem of regional scale into many problems of site scale and well scale, and makes it possible to reduce very complex groundwater problems into a number of small, less complex problems that can be solved individually. Li et al. (, , ) applied the hierarchical approach and water balance function of interactive groundwater (IGW) model to some case studies; however, the focus of the study was not on water budget between surface water and groundwater. Recently, a new module for the interaction between rivers and groundwater was developed and integrated into water balance function of IGW model. However, the effectiveness of this module still needs to be testified. In this study, we employ the hierarchical method, which has been integrated into the 3D IGW model, and is widely used in Michigan State (Liao et al. ) .
The objective of this study is first to test the 3D IGW model with the new water balance module for estimating the interaction between groundwater and surface water which refers mainly to rivers in large complicated groundwater systems, and then to use this model for an actual aquatic environmental issue in small streams to assess if there is any adverse impact on two trout creeks by a proposed groundwater development projectwithdrawal water from pumping wells in the Osceola watershed in Michigan, USA.
MATERIALS AND METHODS

Study area
The study site is located in Osceola Township, which includes Muskegon River, Chippewa Creek and Twin
Creek (Figure 1) . A company will use groundwater as a source for bottled water, which is a 100% consumptive use with all of the withdrawn water permanently removed from the local hydrologic system. The withdrawal is to be processed via a production well, designated PW-101, and with a maximum proposed pumping rate of 817.7 m 3 /d. The area of the Twin Creek watershed is 43.2 km 2 and of the Chippewa Creek watershed is 7.5 km 2 (MDEQ ). Thus, the drainage area for the stream segment on Twin Creek that will likely be impacted is 43.2 km 2 while the Chippewa Creek is 7.5 km 2 .
Here an 'adverse resource impact' is defined as 'decreas- creek chubs and blacknose dace. Few other fish species were found in the samples, which is more evidence of these streams as a trout assemblage. Some supplemental data and analyses also showed these creeks having base flow yields and summer temperatures characteristic of trout streams, and that trout, sculpins and dace were the dominant fish species present.
To determine whether a proposed withdrawal will result in an adverse resource impact, MDEQ must determine what portion of index flow can be withdrawn without functionally impairing the stream's ability to support the characteristic fish populations. According to the DNR's analysis, the maximum portion of the index flow that can be withdrawn at these locations is 13%. More water naturally flows in the It is very interesting to know how much water will really be withdrawn from each creek. Thus, a 3D groundwater model with water balance functionality is needed to gain the correct water distribution. In this study, the 3D groundwater model (IGW) was introduced to simulate the process of groundwater flow in the watersheds, and then the effect of the withdrawal by pumping well was evaluated based on the predictions of the withdrawal from the two creeks and the Muskegon River. The basic data, including hydrogeology condition of the aquifer and hydrologic condition of creeks and rivers for the simulation, are from the geographic infor- modelling. The two modern computing strategies make it possible to employ arbitrary numbers of nested sub-models (patch models) for solving much more complex groundwater problems. Instead of treating the simulation of groundwater flow and solute transport separately, it models both processes concurrently (sequential within a time step). Instead of treating the various scales of patch dynamic modelling (regional, sub-regional, local, site, hot spots) as different phases in a long sequential batch-process, the multi-scaled processes are coupled and modelled simultaneously.
Mathematical model
In hierarchical modelling, the governing equation in each model is the same as the general groundwater governing equation. More specifically, assuming that there are L nested model levels and P(l) patches in the lth model level in a multi-scale modelling system denoted as Mpl [P ¼ 1, P(l), l ¼ 1, L], the governing equations in this system, then, are as follows: head distribution, f, is known; Γ 2 is the boundary where a known flux, g, is specified;x is the spatial vector and h(x) is head distribution over the whole computational domain at initial time level t ¼ 0.
Hierarchical patch
The HPDP was originally developed by Wu and his colleague to address complexities and scale interactions in the context of landscape ecology and ecological modelling (Wu & Loucks , ) . This approach makes a complex system represented hierarchically by breaking it 'vertically' into many levels and 'horizontally' into many patches 
Model test
Hunt (, ) presented an analytical solution for a well near a river. The conceptual model is shown in Figure 3 .
Depicted on the left is a river and on the right is an aquifer.
The stream edge was modelled as an infinitely long straight line with zero drawdown. The stream was assumed to completely penetrate the homogeneous aquifer. The changing in free surface elevations was assumed to be small enough to allow use of the linear form of the equations. There is a well in the aquifer. Its pumping rate is Q w and its distance from the stream is d. The solution deducted by Hunt is as follows: As indicated in Figure 5 , there are nine monitoring wells where we have collected observed data on the groundwater levels. Therefore, these data were compared with the simulated results, as shown in Table 2 , to justify the applicability and accuracy of the model. From Table 2 , we can get the average relative error of 0.04%. It is obvious that the simulated results fit with the observed results quite well.
To further acquire accuracy of the model in regional scale, a relationship, as shown in Figure 6 , of groundwater levels obtained by the model and by observation from the monitoring wells of the MDEQ's database was established.
As indicated in Figure 6 , the root mean square error of the groundwater levels is approximately 7.18 m or 8.7% of the maximum observed head difference across the site. The arithmetic mean error is 1.93 m or 2.3% of the maximum observed head difference.
On the basis of these comparisons, we can find that the simulation model has satisfactory accuracy for the regional groundwater estimation.
RESULTS
To evaluate the effect on the two trout creeks from the proposed withdrawal, we set two scenarios in which one includes the pumping from the well and the other does not. For a closed watershed with no flow boundary, groundwater will not flow into or out from its boundary.
Thus in the simulation, it is assumed that no groundwater flows into or out by the boundary in the study region and only infiltration recharges flow into the aquifer. If groundwater that flows out of the watershed only discharges into rivers, the water quantity from infiltration recharges ought to be equal to the total flux which discharges into all creeks and rivers. Therefore, the groundwater model with the hierarchical approach and the water balance function were applied to simulate the groundwater flow field and water budget.
The velocity field and the groundwater level in the second scenario with the pumping well are shown in Through this method, the main model at higher level is used to simulate larger-scale groundwater dynamics and the sub-models at lower levels are used to simulate smaller-scale processes. Therefore, in this way, all of the groundwater flow both in the regional scale and in the local scale can be displayed in the necessary detail.
Water balance in the watershed Figure 8 shows the process of water balance into and out from the aquifer in the natural conditions, namely without pumping. Positive flow above the lateral axis in Figure 8 indicates that creeks and rivers get a water supply from groundwater, while the negative flow below the lateral axis implies creeks and rivers lost water into the aquifers. Infiltration recharge is distributed by the lost water from Twin
Creek, Chippewa Creek, Muskegon River and other rivers.
The recharge into the aquifer is in total 3.99 × 10 5 m 3 /d.
For Twin
Creek and Muskegon River, both of them only gain water from the aquifer. The supplying rate from groundwater is 2.62 × 10 4 and 2.51 × 10 5 m 3 /d individually. For
Chippewa Creek, parts of its reaches gain water from the aquifer and the gaining flux rate is 9.05 × 10 3 m 3 /d, while other reaches supply water into the aquifer and the supplying flux is 2.81 × 10 3 m 3 /d. By using the water balance module, some of the other rivers will gain groundwater of 1.25 × 10 5 m 3 /d, while the remainder of the other rivers will have lost surface water of approximately 9.74 × 10 3 m 3 /d. In summary, the flux rate of their gaining groundwater is 1.15 × 10 5 m 3 /d. The error of water budget in the aquifer is 0.7 m 3 /d and its relative error of recharge is 0.0001%. It is obvious that the error is quite small by applying the water balance function in this simulation. Therefore, the water balance module in the 3D IGW model is capable of dealing with the interaction between groundwater and river systems. Figure 9 illustrates the distributions of precipitation recharging through infiltration in the study watershed.
Owing to the pumping effect of a proposed pumping rate of 817.7 m 3 /d, some of the groundwater which originally flows into the two creeks, the Muskegon River and other rivers will be intercepted by the pumping well. Therefore, stream-flow will be affected by the withdrawal of the pumping well. The comparison of water fluxes with and without pumping well is given in Table 3 . Table 3 , the reduced flow quantity in Twin
As indicated in
Creek is 408.5 m 3 /d. This reduction accounts for only 1. Creek than to Twin Creek. If an analytic model is applied, the pumping well will gain more water from Chippewa
Creek than Twin Creek. However, from the results of the water budget based on the simulation model, water from Chippewa Creek is less than that from Twin Creek, and only a quarter of water quantities from Twin Creek. Table 4 presents the resulting contrast between the numerical model and the analytical solution. On the basis of the above analysis and due to the complicated conditions in this study, the numerical model will be more preferable and will give a more reasonable result.
The hierarchical method in this model satisfactorily solves the multi-scale groundwater system and the interac- The water balance module in this integrated model system can display the water budget in the whole watershed clearly. Moreover, the water budget between the pumping well and the aquifer, water balance among the aquifer, creeks and rivers are also simulated satisfactorily. Furthermore, on the basis of the simulated results, especially the results of impact evaluation of the proposed withdrawal at the W-C-O-Site pumping well on the trout creeks, the water balance module demonstrates its applicability in complicated river basin conditions.
There are some limitations to this study. First, only the annual water balance was calculated. Generally, the water level in rivers varies within a year because of the uneven distribution of annual precipitation. This is partly because the main purpose of this study is to evaluate the annual effect of proposed groundwater withdrawal on the trout creeks in the Osceola watershed and to verify the applicability of the water balance module in the 3D IGW model. Second, due to lack of sufficient field data, hydraulic conductivities are calibrated only in the large region of the whole catchment, and no detailed values could be determined at the small-scale zone around the pumping well, creeks and rivers. These will affect the result in the numerical model.
As well, the leakage coefficients are calibrated only on three points and will have also some offset effect on the results. All of these limitations will cause some errors in the simulation. However, from the results of water balance in the watershed and the pumping well effect, we can find that this simulation model has a satisfactory accuracy.
CONCLUSIONS
In this paper, the generic hierarchical approach and the water balance interaction function between surface water and groundwater are introduced to simulate stream-flow depletion in a complicated groundwater system of the Osceola watershed. The hierarchical modelling system was first calibrated based on the observed water levels collected from the monitoring wells. Then, systematic hierarchical simulations and integrated water budget analyses were performed to evaluate the impact of the ongoing water withdrawal by the pumping well at the W-C-O-Site on the flows in the trout creeks and rivers at annual scale. The specific conclusions are as follows:
• The hierarchical model can simulate reasonably well the groundwater flow in the complicated groundwater system.
• The water balance module in this model can display detailed water withdrawal information by the pumping well.
• The results of water balance modelling demonstrate that the proposed withdrawal of groundwater is not likely to have an adverse resource impact on the trout creeks to maintain their normal ecological functions.
